New rotational line strengths for the C 2 Swan system (d 3 Π g -a 3 Π u ) have been calculated for vibrational bands with v ′ =0-10 and v ′′ =0-9, and J values up to J =34-96, based on previous observations in 30 vibrational bands. Line positions from several sources were combined with the results from recent deperturbation studies of the v ′ =4 and v ′ =6 states, and a weighted global least squares fit was performed. We report the updated molecular constants. The line strengths are based on a recent ab initio calculation of the transition dipole moment function. A line list has been made available, including observed and calculated line positions, Einstein A coefficients and oscillator strengths (f -values). The line list will be useful for astronomers and combustion scientists who utilize C 2 Swan spectra. Einstein A coefficients and f -values were also calculated for the vibrational bands of the Swan system.
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Introduction
C 2 is an important molecule in the fields of astronomy, combustion science and materials science. It has often been observed in comets [1, 2, 3, 4, 5, 6] and in other astronomical environments such as interstellar clouds [7, 8, 9, 10, 11, 12, 13] , late-type stars [14, 15, 16, 17] and the Sun [18, 19] . Its reactions are believed to be involved in the formation of hydrocarbons and other organic compounds in interstellar clouds [20] . C 2 has also been found in flames [21, 22, 23] and from the irradiation of soot [24] , and can be formed in carbon plasmas and used to make carbon nanostructures [25] .
The most prominent electronic system in the visible region is the Swan system, which involves the electronic transition d
3 Π g -a 3 Π u , with the (0,0) band near 19400 cm −1 . The a 3 Π u state was originally believed to be the ground state [26] as it was observed to be easily excited, which is because it lies only 1536 cm As new experimental techniques have become available, new studies of the lower vibrational bands have been conducted at high resolution. These include the work of Amiot [35] , Curtis and Sarre [36] and Suzuki et al. [37] , who investigated the (0-0), (0-1) and (1-0) bands, respectively, using laser excitation techniques. Dhumwad et al. [38] observed the Swan system using a quartz discharge tube with tungsten electrodes for the excitation of CO. In 1994, Prasad and Bernath [39] analysed nine low vibrational bands (v ′ ≤ 3
and v ′′ ≤ 4) of the Swan system of jet-cooled C 2 (for low-J), and of C 2 produced in a composite wall hollow cathode (for J up to 25-46) with a Fourier Transform Spectrometer (FTS). The previous observations of Amiot et al. and Prasad and Bernath on the (0,0) band were improved upon by Lloyd and Ewart in 1999 [40] , using degenerate four-wave mixing spectroscopy. These and other investigations have improved the accuracy of the line assignments originally published by Phillips and Davis in 1968 [32] .
The higher vibrational bands had not been analyzed with modern high resolution instrumentation until 2002, when Tanabashi and Amano [41] observed the Swan system by a direct absorption technique using a tunable dye laser. They measured three bands, assigned as (7,9), (6,8) and (5,7). They found that their line positions did not agree with those reported by Phillips and Davis [32] , which was the most recent rotational analysis of the high vibrational bands. These discrepancies led to the reanalysis of the entire Swan system with a high resolution FTS [42] . The assigned line positions from this new comprehensive analysis agreed with their previous one for the (7,9), (6,8) and (5,7) bands. Their line positions for bands involving the higher vibrational levels differed significantly from those of Phillips and Davis [32] .
The old rotational line list reported by Phillips and Davis in 1968 [32] has recently been used in deriving the carbon abundance and 12 C/ 13 C ratio in R Coronae Borealis and hydrogen-deficient carbon stars [17] , and in comets [43] . Line positions and intensities must be known to derive C 2 abundance from observed spectra, and it would be beneficial to have a new rotational line list, based on recent measurements and calculations. The purpose of this work is to use the data mainly of Tanabashi et al. [42] They also gave a list of the few transitions that were assigned incorrectly by Tanabashi et al..
Recalculation of Molecular Constants
With the recent publication of perturbation constants for the d 3 Π g v =4 and v =6 levels by Bornhauser et al. (Table 1) , there was an opportunity to improve the molecular constants reported by Tanabashi et al. (Tables 3 and 4 in ref [42] To ensure that all lines were on the same wavenumber scale, transitions from these five sets were then compared to matching Tanabashi et al. transitions, and a weighted average wavenumber difference (one for each set) using matching lines was calculated, based on the assigned weights. This was added to all of the lines from each set as a wavenumber offset, to compensate for any systematic differences between studies. In their fit, Tanabashi et al. deweighted many lines due to the extensive perturbations, and those lines were also deweighted here if they were present in these five sets. This process excluded approximately 11% of these lines. To further decrease the possibility of using any misassigned lines in the fit, any line whose wavenumber differed from a matching Tanabashi et al. line by more than 0.03 cm −1 was deweighted, excluding a further ∼6%. A preliminary fit was then performed to obtain calculated values of each transition. Lines that had not been matched to Tanabashi et al. transitions were then deweighted if their observed-calculated values, as a result of this fit, were greater than 0.03 cm −1 . A final global weighted least squares fit was performed, in which all reported molecular constants for the a 3 Π u and d 3 Π g were floated, except for A D for v ′ =8, 9 and 10. These were fixed at a value based on those calculated for the lower levels to obtain a good fit. The updated molecular constants are shown in Tables 2 and 3 . The magnitudes of the perturbation constants reported by Bornhauser et al. were also floated to improve the fit, and both the previous and changed values are shown in Table 1 .
Calculation of Line Intensities
The intensities of the rovibronic transitions are reported here as both Einstein A values and oscillator strengths (f -values).
Einstein A values are calculated with the equation [50] A
= 3.136 189 32 × 10
where S ∆J J ′′ is the Hönl-London factor and
and R e in debye. These have been converted into f -values using the equation
Band intensities are reported as Einstein A v ′ v ′′ values, and can be converted from these to f v ′ v ′′ values using the equation:
whereν is the average wavenumber for the band [51] . PGOPHER was used to calculate Einstein A values. It is able to calculate the necessary rotational TDMs and Hönl-London factors (Eq. 1) for several types of electronic transitions, including 3 Π-3 Π, if provided with a set of molecular constants and band strengths for each vibrational band.
For a diatomic molecule, the wavefunctions ψ vJ used in the calculation of the TDM can be described as a one-dimensional function of internuclear distance [50] . Rotationless TDMs were calculated using the computer program LEVEL [52], written by R. J. Le Roy, which is able to calculate eigenfunctions and eigenvalues by solving the one-dimensional Schrödinger equation for diatomic molecules. LEVEL is able to calculate TDMs for rotational levels above J =0, but it assumes a singlet-singlet transition. For this reason, a single TDM (for Q(0)) for each vibrational band was taken from LEVEL and input into PGOPHER.
LEVEL must be provided with a potential energy curve, V (r ), and an electronic TDM, both as a function of internuclear distance.
Electronic Transition Dipole Moment
Our calculation of the electronic TDM of the Swan system has been reported previously [53, 54, 55] , with the results shown in Table 5 and Figure 2 . A brief description is given here. Wavefunctions were computed using the multi-reference configuration interaction (MRCI) method [56, 57] , whereby all single and double excitations from a complete active space selfconsistent field (CASSCF) [58, 59] reference state are included in the MRCI wave functions. The active space included all molecular orbitals (MO) arising from the C atoms' 2s and 2p valence orbitals. The basis set is the augmented correlation-consistent polarized aug-cc-pV6Z set of Dunning and co-workers [60, 61, 62, 63] and de Jong et al . [64] Core and core-valence (CV) correlation corrections were obtained using the aug-cc-pCVQZ basis set [60, 61, 62] . Scalar relativistic energy corrections (Rel) were evaluated via the Douglas-Kroll-Hess approach [65, 66, 67] , in conjunction with the appropriate cc-pVQZ basis sets. The quantum chemical calculations were carried out using the MOLPRO2006.1 program [68] .
Potential Energy Curves
The potentials V (r ) (Fig. 1) were calculated using the computer program RKR1 [69] , which utilizes the first-order semiclassical Rydberg-Klein-Rees procedure [70, 71, 72, 73] to determine a set of classical turning points for each potential, using equilibrium expansion constants ω e , ω e x e , ω e y e , ω e z e , α e , γ e and δ e for B v and G(v ). Values for these constants were calculated (Table 4) in a weighted least squares fit using the energy level expressions for a vibrating rotator,
and
and the updated B v and G(v ) values in Tables 2 and 3 . The weightings of the vibrational levels were based on the standard deviation of B v and G(v ) values from the P GOP HER line position fit.
Vibrational Band Intensities
Einstein A v ′ v ′′ values for each vibrational band were also calculated, and are shown in Table 7 . They were calculated as the sum of all single rotational Einstein A values for possible transitions within the relevant band from the J ′ =1, Ω ′ =0 level. These were converted into f v ′ v ′′ values using Equation 5.
Analysis and Discussion
Our final line list including positions, f -values and Einstein A values, is available at http://bernath.uwaterloo.ca/download/AutoIndex.php?dir=/C2/ (C2SwanLineList2012.txt). Calculated line positions and lower state energies are included for all lines, and observed positions are present when available. Line intensities are reported as both Einstein A values and f -values. Positions and intensities were calculated for all possible bands involving the observed vibrational levels (i.e. up to (0,9) and (10,0)).
PGOPHER was also used for the purpose of validation, as it is able to calculate and plot spectra based on its line list, which can be compared to the observed spectrum. In all of the spectra shown, a constant Gaussian instrument function was added to best match the observed broadening. The experimental procedure that Tanabashi et al. used involved observing C 2 emission from a microwave discharge in a flow of acetylene (C 2 H 2 ) diluted in argon through a discharge tube. In such a system the molecular vibration, and to a lesser extent the rotation, will not be at thermal equilibrium. For this reason, the rotational and vibrational temperatures of the simulation were also adjusted for best agreement. Two spectra were recorded, one for the ∆v =-1 to +2 sequences and another for the ∆v =-2 and -3 sequences. Rotational and vibrational temperatures of 1140 K and 6800 K, and 940 K and 5000 K were used for the ∆v =-1 to +2 and ∆v =-2 to -3 spectra, respectively. The final parameter that had to be added manually was a linear scaling factor, as the y-axis units of the recorded spectrum are arbitrary. This value could not be kept constant during the production of each figure given below (Figs. 3 to 5 ). This is due to the presence of an instrument response function, which cannot be corrected for at this point.
There are numerous perturbations in the d 3 Π g state, which have caused many of the line positions calculated by PGOPHER to be slightly inaccurate, and in turn have also had a small effect on the reported intensities. With the inclusion of the perturbation constants for the v ′ =4 and v ′ =6 levels, the average error for lines involving those upper levels is improved from 0.203 cm −1 to 0.057 cm −1 and 0.569 cm −1 to 0.038 cm −1 , respectively. The first values were calculated using the molecular constants of Tanabashi et al. and the second using those in Tables 2 and 3 , excluding any lines that had been heavily deweighted in the final fit. A more detailed description of the observed perturbations is available in ref [42] .
The spectra match very well for the lower vibrational and rotational levels; most of the inaccuracies mentioned are present in the higher vibrational and rotational levels. and the wavenumber of the P(0) transition as the band wavenumber. It should be noted that slightly different f v ′ v ′′ values would be obtained with a different choice of band wavenumber. Excellent agreement is shown for most bands, however some of the higher vibrational bands disagree by up to ∼60%, as shown in Table 8 .
Conclusion
Many perturbations are present in the d 3 Π g state, and only those shown in Table 1 (involving the d 3 Π g , v =4 and v =6 levels) have been accounted for in these calculations. While many of the lines in the new line list do not match experiment precisely, the positions and intensities reported here are an improvement on previously available data, where results have been based on the partly incorrect assignments made by Phillips and Davis [32] . The calculated vibrational level lifetimes show good agreement with experimental and theoretical studies. The line list produced is an improvement over what is currently available, and will be of use to astronomers, materials and combustion scientists in the analysis of the C 2 Swan system.
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